Alignment 

2083883C D1^PRT_2_PF-0721-USN 739 aa 

ACSL5 739 aa 

Fatty-acid-Coenzyme A ligase long-chain 5 (acyl-CoA synthetase 5), catalyzes the synthesis of acyl-CoA 
from fatty acids, ATP and CoA, plays a role in cell growth, upregulated in glioblastomas and grade IV 
primary gliomas 

Match: Length=739, Identity: 99%, Similarity: 100%, Query Overlap: 100%, Subject Overlap: 100%, 
E-value:0.0, Score: 1501 



Query: 1 MDALKPPCLWRNHERGKKDRDSCGRKNSEPGSPHSLEALRDAAPSQGLNFLLLFTKMLFI 60 

MDALKPPCLWRNHERGKKDRDSCGRKNSEPGSPHSLEALRDAAPSQGLNFLLLFTKMLFI 
Sbjct: 1 MDALKPPCLWRNHERGKKDRDSCGRKNSEPGSPHSLEALRDAAPSQGLNFLLLFTKMLFI 60 

Query: 61 FNFLFSPLPTPALICILTFGAAIFLWLITRPQPVLPLLDLNNQSVGIEGGARKGVSQKNN 120 

FNFLFSPLPTPALICILTFGAAIFLWLITRPQPVLPLLDLNNQSVGIEGGARKGVSQKNN 
Sbjct: 61 FNFLFS PLPTPALI C I LTFGAAI FLWLI TRPQPVLPLLDLNNQS VGI EGGARKGVSQKNN 120 ' 

Query: 121 DLTSCCFSDAKTMYEVFQRGLAVSDNGPCLGYRKPNQPYRWLSYKQVSDRAEYLGSCLLH 180 

DLTSCCFSDAKTMYEVFQRGLAVSDNGPCLGYRKPNQPYRWLSYKQVSDRAEYLGSCLLH 
Sbjct: 121 DLTSCCFSDAKTMYEVFQRGLAVS DNGPCLGYRKPNQPYRWLS YKQVSDRAEYLGSCLLH 180 

Query: 181 KGYKSSPDQFVGIFAQNRPEWIISELACYTYSMVAVPLYDTLGPEAIVHIVNKADIAVVI 240 

KGYKSSPDQFVGIFAQNRPEWIISELACYTYSMVAVPLYDTLGPEAIVHIVNKADIA+VI 
Sbjct: 181 KGYKSSPDQFVGIFAQNRPEWIISELACYTYSMVAVPLYDTLGPEAIVHIVNKADIAMVI 240 

Query: 241 CDTPQKALVLIGNVEKGFTPSLKVIILMDPFDDDLKQRGEKSGIEILSLYDAENLGKEHF 300 

CDTPQKALVLIGNVEKGFTPSLKVIILMDPFDDDLKQRGEKSGIEILSLYDAENLGKEHF 
Sbjct: 241 CDTPQKALVLIGNVEKGFTPSLKVIILMDPFDDDLKQRGEKSGIEILSLYDAENLGKEHF 300 

Query: 301 RKPVPPSPEDLSVICFTSGTTGDPKGAMITHQNIVSNAAAFLKCVEHAYEPTPDDVAISY 360 

RKPVPPSPEDLSVICFTSGTTGDPKGAMITHQNIVSNAAAFLKCVEHAYEPTPDDVAISY 
Sbjct: 301 RKPVPPSPEDLSVICFTSGTTGDPKGAMITHQNIVSNAAAFLKCVEHAYEPTPDDVAISY 360 

Query: 361 LPLAHMFERIVQAVVYSCGARVGFFQGDIRLLADDMKTLKPTLFPAVPRLLNRIYDKVQN 420 

LPLAHMFERI VQAVVYSCGARVGFFQGDI RLLADDMKTLKPTLFPAVPRLLNRI YDKVQN 
Sbjct: 361 LPLAHMFERI VQAVVYSCGARVGFFQGDI RLLADDMKTLKPTLFPAVPRLLNRI YDKVQN 420 

Query: 421 EAKTPLKKFLLKLAVSSKFKELQKGIIRHDSFWDKLIFAKIQDSLGGRVRVIVTGAAPMS 480 

EAKTPLKKFLLKLAVSSKFKELQKGIIRHDSFWDKLIFAKIQDSLGGRVRVIVTGAAPMS 
Sbjct: 421 EAKTPLKKFLLKLAVSSKFKELQKGIIRHDSFWDKLIFAKIQDSLGGRVRVIVTGAAPMS 480 

Query: 481 TSVMTFFRAAMGCQVYEAYGQTECTGGCTFTLPGDWTSGHVGVPLACNYVKLEDVADMNY 540 

TSVMTFFRAAMGCQVYEAYGQTECTGGCTFTLPGDWTSGHVGVPLACNYVKLEDVADMNY 
Sbjct: 4 81 TSVMTFFRAAMGCQVYEAYGQTECTGGCTFTLPGDWTSGHVGVPLACNYVKLEDVADMNY 54 0 

Query: 541 FTVNNEGEVCIKGTNVFKGYLKDPEKTQEALDSDGWLHTGDIGRWLPNGTLKIIDRKKNI 600 

FTVNNEGEVCIKGTNVFKGYLKDPEKTQEALDSDGWLHTGDIGRWLPNGTLKIIDRKKNI 
Sbjct: 541 FTVNNEGEVCIKGTNVFKGYLKDPEKTQEALDSDGWLHTGDIGRWLPNGTLKIIDRKKNI 600 

Query: 601 FKLAQGEYIAPEKIENIYNRSQPVLQIFVHGESLRSSLVGVVVPDTDVLPSFAAKLGVKG 660 
FKLAQGEYIAPEKIENIYNRSQPVLQIFVHGESLRSSLVGVVVPDTDVLPSFAAKLGVKG 
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Sbjct: 601 FKLAQGEYIAPEKIENIYNRSQPVLQIFVHGESLRSSLVGVVVPDTDVLPSFAAKLGVKG 660 

Query: 661 SFEELCQNQVVREAILEDLQKIGKESGLKTFEQVKAIFLHPEPFSIENGLLTPTLKAKRG 720 

SFEELCQNQVVREAILEDLQKIGKESGLKTFEQVKAIFLHPEPFSIENGLLTPTLKAKRG 
Sbjct: 661 SFEELCQNQVVREAILEDLQKIGKESGLKTFEQVKAIFLHPEPFSIENGLLTPTLKAKRG 720 

Query: 721 ELSKYFRTQI DSLYEHIQD 739 

ELSKYFRTQIDSLYEHIQD 
Sbjct: 721 ELSKYFRTQIDSLYEHIQD 739 
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Fatty acid induced glioma cell growth is mediated by the acyl-CoA 
synthetase 5 gene located on chromosome 10q25.1-q25.2, a region 
frequently deleted in malignant gliomas 
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Acyl-CoA synthetase (ACS) ligates fatty acid and CoA 
to produce acyl-CoA, an essential molecule in fatty acid 
menbolism and cell proliferation. ACS5 is a recently 
characterized ACS isozyme highly expressed in prolifer- 
ating 3T3-L1 cells. Molecular characterization of the 
human ACS5 gene revealed that the gene is located on 
chromosome I0q25.1-q25.2, spans approximately 46 kb, 
comprises 21 exons and 22 introns, and encodes a 683 
amino acid protein. Two major ACS5 transcripts of 2.5- 
and 3.7-kb are distributed in a wide range of tissues with 
the highest expression in uterus and spleen. Markedly 
inc ;ased levels of ACS5 transcripts were detected in a 
glioma line, A 172 cells, and primary gliomas of grade IV 
malignancy, while ACS5 expression was found to be low 
in normal brain. Immunohistocbemical analysis also 
revealed strong immunostaining with an anti-ACS5 
antibody in glioblastomas. U87MG glioma cells infected 
with an adenovirus encoding A CSS displayed induced cell 
growth on exposure to palmitate. Consistent with the 
induction of cell growth, the virus infected cells displayed 
im jced uptake of palmitate. These results demonstrate a 
novel fatty acid-induced glioma cell growth mediated by 
ACS5. Oncogene (2000) 19, 5919-5925. 
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In 'oduction 

Acyl-CoA synthetase (ACS, EC6.2.I-.3) catalyzes the 
formation of acyl-CoA from fully acid, ATP and CoA. 
This reaction is essential in mammalian fatty acid 
metabolism, including the calabolic pathway for the 
degradation of fatty acid via the /^-oxidation system 
and the anabolic pathway for the synthesis of cellular 
lipids. ACS also plays a role in cell proliferation by 
p .)viding acyl-CoAs for the synthesis of membrane 
phospholipids. Tomoda et uL (1991) have shown lhat 
specific inhibitors of ACS, triacsins, profoundly reduce 
the synthesis of cellular phospholipids, and that ihis 
blockade of acyl-CoA synthesis results in the inhibition 
of cell proliferation. 

In addilion to fatty acid metabolism. ACS mediates 
the transportation of fatt> acids into cells by 



cooperating with fatty acid transporter (Schaffer and 
Lodish, 1994). By expression cloning, Schaffer and 
Lodish identified two proteins that promote uptake of 
long chain fatty acid into 3T3-L1 cells: one is an 
integral plasma membrane protein of 63 kDa, termed 
fatty acid transport protein, which later turned out to 
be identical to very long chain acyl-CoA synthetase 
(Coe et aL 1999); and the other is identical to ACS1 
(Suzuki et al, 1990). These studies suggest that ACS 
facilitates the uptake of long chain fatty acid into cells. 
Furthermore i recent studies by Yagasaki et ai (1999) 
have identified the human ACS2 gene as a new ets 
variant gene 6 (ETV6) fusion partner in a patient with 
refractory anemia with excess blasts with basophilia, a 
patient with acute myelogenous leukemia with eosino- 
philia and a patient with acute eosinophilic leukemia. 
The ETV6/ACS2 fusion in these patients disrupts both 
the ACS2 and ETV6 genes, suggesting that ACS2 is 
also involved in the pathogenesis of hematologic 
malignancies. 

In previous studies, we have characterized five ACSs 
(Fujino et at., 1996; Fujino and Yamamoto, 1992; 
Kang et ai, 1997; Oikawa et ai, 1998; Suzuki et ai, 
1990) that show different levels of expression in 
different tissues. ACS1, ACS2 and ACS5 are structu- 
rally similar enzymes that exhibit similar broad fatty 
acid preferences. Of these three enzymes, ACS5 is most 
abundant in intestinal epithelial cells, and is also highly 
expressed in undifferentiated proliferating 3T3-L1 
preadipocytes (Oikawa et al., 1998). Since ACS I and 
ACS2 are almost undetectable in proliferating 3T3-LI 
preadipocytes, ACS5 may provide the acyl-CoA 
required for the synthesis of cellular lipids during cell 
proliferation (Oikawa et ai, 1998). 

During characterization of the human ACS5 gene 
and transcripts, we found that: (i) the gene is located 
on chromosome I0q25.1-q25.2, a region frequently 
deleted in malignant gliomas (Bergerheim et ai, 1991; 
Herbst et aL 1994; Karlbom et ai, 1993; Peiffer et at., 
1995; Rasheed et ai. 1992, 1995); and (ii) the levels of 
ACS5 mRNA are markedly increased in primary 
glioblastomas. Here we provide evidence that ACS5 
mediates glioma cell growth by facilitating fatty acid 
transportation into cells. 
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Results 

Molecular characterization of the human A CS5 gene 

As an initial approach to evaluate the role of ACS5, we 
first characterized the human ACS5 gene. A near full- 
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length cDNA for human ACS5 was isolated from a 
human liver cDNA library using rat ACS5 cDNA 
(Oikawa et aL 1998) as a probe, and was completely 
sequenced (GeneBank Accession No. AB033899). The 
insert of the human ACS5 cDNA contains 154 
nucleotides in the 5*-untranslated region, a 2052- 
nuclcotide open reading frame encoding a protein of 
683 amino acids with a calculated molecular weight of 
75 957 and 1012 nucleotides in the 3'-untranslated 
region (Figure la). Between human and rat ACS5, 
approximately 80% of the amino acids are identical. 
BLAST searches of the RHdb databases (http:// 
www.ebi.ac.uk/RHdb/) using the human ACS5 se- 
quence reveal that the 3'-untranslated region contains 
a specific STS marker. WI- 12237, which had been 
mapped to the q25.1-q25.2 region of chromosome 10. 

To define the genomic structure of the human ACS5 
gene, we isolated and characterized two overlapping 
BAC clones [60(nl6), 116(bl)] from a human BAC 
library (Genome Systems) and four YAC clones 
(816g5, 935g4, 950el 1 and 962h2) from Mega YAC 
libraries (sec Materials and methods). Characterization 
of these clones revealed that the gene overlaps with 
WM2237, which has been placed approximately 
0.5 cM telomeric of DI0S1564 and spans approxi- 
mately 46 kb, and encodes 21 exons (Figure lb,c). The 
5 -untranslated region is encoded by exon 1. and a 
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Flgurv I (a) Amino acid sequence of A CSS deduced from the 
cDNA. Amino acids arc numbered on ihc right. The two 
luciferase-like regions are underlined, (b) The YAC and BAC 
clones used for the analysis of the human ACS5 gene. Four 
overlapping YAC clones and two overlapping BAC clones 
encoding the human ACS5 gene are represented. Human 
chromosome IOq25.l-q25.2 region is represented schematically 
at the top of the diagram. CEN, centromere; TEL, telomere. The 
locations of STS markers are from the RHdb databases, (c) 
Diagram of the human ACS5 gene. Hxons are indicated by 
numbers and closed boxed. ACS5 protein is schematically 
represented at the bottom of the diagram. LRI and LR2: 
luciferase-like regions I and 2. The exon/intron boundary 
sequence information is available under Gen Bank Accession 
Nos. AB0339O0 to AB033920 



large intron of 15 kb separates it from exon 2, which 
contains the translation initiator codon AUG. Exon 21 
contains the translation termination codon and the 3'- 
untranslated region. Functionally important luciferase- 
like regions (Suzki et aL, 1990, Iijima et a/., 1996), LR| 
and LR2, are encoded by exons 7-12 and exons 14- 
19, respectively. The relevant sequence information is 
available under GenBank Accession Nos. AB033900 to 
AB033920. 



Expression of ACS5 in human tissues and gliomas 

Northern blotting of multiple tissue blots with the 
human ACS 5 probe revealed two major transcripts of 
2.5 and 3.7 kb in a wide range of human tissues, with 
the highest levels in uterus and spleen; relatively high 
levels in liver, small intestine, colon, and peripheral 
blood leukocytes; and lower levels in heart, lung, 
thymus and prostate (Figure 2a). A trace amount of 
the mRNA was detected in brain, placenta, skeletal 
muscle, pancreas and kidney. In addition to the two 
transcripts with 2.5 and 3.7 kb, a unique transcript of 
1 .7 kb was detected only in testis. This major transcript 
in the testis may be a consequence of alternative 
splicing of pre-ACS5 mRNA, alternative transcription 
initiation of the ACS5 gene, degraded products of 
ACS5 mRNA, or an artifact of Northern blot;. 

The location of the ACS5 gene, on chromosome 
region I0q25. 1-25.2 region, is frequently deleted in 
malignant gliomas (Bergerheira et aL, 1991; Herbst ei 
aL, 1994; Karlbom et aL, 1993; Peiffer et aL, 1995: 
Rasheed et aL, 1992, 1995). Therefore, we analysed the 
levels of ACS 5 transcripts in glioma cells and primary 
gliomas of various origins. Northern blotting of ACS5 
transcripts in glioma cell lines A172, T98G i 251. 
U373MG and U87MG cells revealed an overproduc- 
tion of ACS5 mRNA in A 172 cells (Figure 2b) with 
levels approximately 40-fold higher than those in 
normal brains. RNAs from cases of human primary 
gliomas of malignancy grade ranging from 11 to IV 
according to the WHO criteria were also analysed 
(Figure 2c). As shown in Figure 2d, the levels of the 
mRNA were significantly higher in grade IV •;!■" >mas 
(f<0.05, an average increase of 2.5-fold co ared 
with normal brains). Furthermore, immunohistochem- 
ical analysis revealed significant immunostaining with 
an anti-ACS5 antibody in primary glioblastomas, while 
only a trace of immunoreactivity was detected in the 
normal cerebral white matter (Figure 3). We also 
analyzed the gene in patients with glioblastomas, 
however, there were no amplifications or rea -range- 
ments of the gene, except for a C to T subslit n at 
nucleotide 111, which is also found in the normal 
populations. 

Effects of ACS5 expression on cell growth and 
fatty acid uptake 

To evaluate the effects of ACS5 expression on the 
growth of glioma cells, we constructed a recor. inanjj 
adenovirus virus (designated AdACS5) containing t» c 
entire region of human ACS cDNA. U87MG cell* 
which showed the lowest expression of ACS5 mRNA 
among the five glioma cell lines tested, were infected 
with 5 moi of AdACS5 or control AdlacZ viruses. To 
minimize the effects of FCS on the growth of glioma 
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Figure 2 Expression of ACS5 transcripts in human tissues, 
glioma cells and primary gliomas of various origin, (a) Tissue 
expression of ACS5 transcripts. 2 /ig of poly(A) " RNA from the 
indicated human tissues was probed with 12 P-labelled human 
ACS 5 cDNA. The filters were exposed to Kodak XAR-5 film 
with an intensifying screen at -80C for 18 h. Control 
hybridization with a human /f-actin probe is shown at the foot 
of the figure, (b) ACS5 m RNA in glioma cell lines. 25 ng of total 
PNA from the indicated cells was analysed by Northern blotting 
described previously. Volume of total RNA in each lane was 
confirmed by ethidium bromide staining (data not shown). A 
typical auioradiogram (18 h exposure) of triplicate hybridizaiioni 
is shown, (c) Northern blotting of total RNA (25 /ig) from 
primary gliomas of malignancy ranging from II -IV. RNA 
loading was consistent among lanes, as judged by ethidium 
bromide staining (data hot shown). A typical autoradiogram 
<IK h exposure) of three independent hybridizations is shown, (d) 
Ahundancc of ACS5 mRNAs in gliomas. Auloradiograms in (c) 
were quantified with a Bioimagc Analyzer (BAS-2000, Fuji) and 
. lalysed statistically. The mean for normal brain (four different 
unples) is represented as 100 and abundance of ACS5 mRNA in 
each sample was expressed as a percentage of this value. Bars 
indicate mean value of each grade. "Statistical difference at 
/><0.05 



cells, the cells were cultured in the presence of 2% 
FCS. In this culture condition, the growth rate was 
reduced to approximately 30% of that cultured in the 
p esence of 10% FCS. As shown in Figure 4a, 
AdACSS infected cells produced a large amount of 
ACS5 protein after virus infection. Figures 4b,c show 
growth induction of AdACS5 infected cells cultured in 
the presence of palmitatc. Approximately 1.5 2.5-fold 
growth induction was observed in the presence of 



30 /iM palmitate, whereas almost no effects were 
observed on the growth of AdACS5 infected cells 
cultured in the absence of palmitate or AdlacZ infected 
cells in the absence or the presence of palmitate. A 
modest but significant growth stimulation was also 
observed when uninfected A 172 were exposed to 30 fM 
palmitate (data not shown). The maxima! growth 
stimulation was observed at a palmitate concentration 
of 30 pM, the value close to the calculated K d of the 
purified enzyme. However, at higher concentrations 
(>60/iM) palmitate was toxic to the cells. In the 
presence of 10% FCS, the fatty acid induced growth 
induction was not detected, presumably because the 
presence of free fatty acid bound to serum albumin. 
The conditioned medium of AdACSS infected U87MG 
cells exposed to palmitate had no growth stimulatory 
effects on uninfected cells (data not shown). 

In the presence of palmitate, AdACS5 infected cells 
tended to form multilayered foci at a subconfluent 
density, whereas AdlacZ infected cells grew as a flat 
monolayer (data not shown). Furthermore, DNA 
fragmentation analysis and TUNEL assay of glioma 
cells infected with AdACSS or AdLacZ did not show 
any evidence of apoptosis (data not shown). 

Similar fatty acid induced cell growth was also seen 
in A172, T98G, U25I and U87MG glioma cells stably 
transfected with an ACS5 expression plasmid (data not 
shown). In contrast to glioma cells, no growth 
stimulation was seen in Chinese hamster ovary, COS- 
6, HepG2, N1H3T3 or 3T3-L1 cells stably transfected 
with an A CSS expression plasmid (data not shown). 
These data indicate that fatty acid-induced cell growth 
mediated by ACS5 is unique to glioma cells. 

Regarding the specificity of fatty acid on the 
induction of glioma cell growth, Figure 4D shows that 
exposure of the AdACS5 infected cells to myristate 
also induced cell growth, while essentially no effects 
were seen in the presence of oleate, linoleate or 
arachidonate. 

To further define the mechanism of fatty acid 
induced glioma cell growth, we analysed the uptake 
of [ ,4 C]paimiiate and -arachidonate by AdACS5 
infected cells. As shown in Figure 5, AdACS5 infection 
increased [ M C]palmitate uptake by approximately three- 
fold over the relatively low uptake by AdlacZ infected 
cells, In contrast, there were no differences in the 
uptake of [ I4 C]arachidonate by AdACSS5 or AdlacZ 
infected cells. 



Discussion 

In the current studies, we have shown a novel growth 
induction of glioma cells mediated by A CSS. This 
growth induction may be of pathological significance 
for the development and progression of malignant 
gliomas. 

The primary function of ACS is to produce acyl- 
CoA for numerous metabolic pathways including 
cellular lipid metabolism, transcriptional regulation 
(Henry and Cronan, 1992; Hertz et aL, 1998), 
intracellular protein transportation (Glick and Roth- 
man, 1987), protein acylation (Grand, 1989) and 
protein kinase C mediated signal transduction (Bronf- 
man et uL 1989j. A secondary function of ACS is that 
it facilitates fait;, acid transportation into cells (Coe et 
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Figure J Immunostaining with anli-ACS. (a> Normal cerebral white matter and grade IV gliomas (cave nos. 137, 172 and 21 7|. 
Strong immunostaining is seen in neoplastic cells in all cases of grade IV gliomas. Bars: 25 fitn 



oi. 1999: Schafler and Lodish, 1994). Consistent with 
the utilization of acy!-CoA in numerous metabolic 
pathways, there are multiple ACSs with distinct fatty 
acid specificities and different tissue distributions. 
Among the five known ACSs, ACS5 is believed to 
provide acyl-CoA for the synthesis of cellular lipid 
during cell proliferation. Consistent with our hypoth- 
esis, the levels of ACS5 transcripts and proteins are 
markedly increased in malignant gliomas. 

Although the ACSS gene is located on chromosome 
10q25.1-25.2 region, there were no apparent gene 
rearrangements in the primary gliomas and the five 
glioma cell lines by Southern blotting. In contrast to 
the increment of ACSS transcripts in primary glio- 
blastomas, only a trace amount of the transcript was 
detected in glioma cell lines, T98G, U25K U373MG 
and U87MG. The sole exception was A 172 cells, which 
exhibit 40-fold higher expression than those in the 
normal brain. This variation in glioma cell lines 
remains unknown. 

l,*87MG cells infected with Ad ACS 5 virus displayed 
induced cell growth by exposure to saturated fatty 
acids, palmitatc and myristate, but not by unsaturated 
fatty acids including arachidonate and linoicnate. This 
fatty acid induced cell growth mediated by ACSS is 
unique to glioma cells (A 172, T98G. U251 and 
U87MG. cells), and was not observed in other cells, 
including Chinese hamster ovary. COS-6, HcpG2, 
N1H3T3. or 3T3-LI cells. Consistent with the induc- 
tion of cell growth, U87MG cells infected with 
AdACSS displayed induced uptake of palmitatc, but 
did not show stimulation of arachidonate uptake, 
indicating that facilitated palmitale uptake may 
promote the induction of cell growth. 



Although the mechanism(s) by which fatty acid 
induces glioma cell growth remain to be elucidated, 
there may be some relation with the intracellular ':ttlv 
acid/acyl-CoA pool utilized for the synthesis of cv. jlar 
lipids including membrane phospholipids. Pizer et at. 
(1998) have shown that inhibition of fatty acid 
synthase by its specific inhibitors, cerulenin and c75. 
results in the suppression of DNA replication and 
induces apoptosis in various tumor cell lines. Triacsins 
block the supply of acyl-CoAs, mainly for lipid 
synthesis, and also subsequently causes inhibition of 
cell growth (Tomoda et aL 1991). These g. %'ih 
suppression effects by fatty acid synthase and ACS 
inhibitors apparently relate to the tumor cell phenotype 
of abnormally elevated fatty acid metabolism (Kuhajda 
et a/., 1994: Tomoda et a/., 1991). The increased levels 
of ACS5 in malignant glioma may support the 
aggressive cell growth by increasing the size of the 
intracellular fatty acid/acyl-CoA pool. 

In contrast to the increment of ACS5 in malii: tnt 
gliomas, the ACS2 gene is disrupted by fusion oi :he 
ETV6 gene in myelodysplastic syndrome and acute 
myelogenous leukemia, suggesting that ACS2 acts as a 
tumor suppressor in hematopoietic cells (Yagasaki ei 
<//., 1999). Together with our current data, it is 
suggested that the role of ACSS in cell proliferation 
differs from that of ACS2. There may be a different 
fatty acid/acyl-CoA pool provided by ACS2 that nay 
induce apoptosis in hematopoietic cells during di*/er- 
entiation. Although further studies are necessary to 
demonstrate the exact roles of ACSs in cell prolifera- 
tion, our current data have clearly demonstrated that 
ACS5 mediates novel fatty acid-induced glioma cell 
growth. 
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Figure 4 Fatty acid-induced glioma cell growth, (a) Jmmunoblot analysis of ACS5 in U87MG glioma cells after AdACS5 
infection. UR7MG cells were infected with 5 moi «f AdACS5. and 20 /ig of cell lysate was separated by SDS-PAGE, proteins were 
transferred to a nylon membrane, and ACS5 was deleted with a polyclonal antibody against human ACS5. A representative time 
course change in the cellular levels of A CSS in U87MG cells infected with AdACSS is shown, (b) Effects of increasing 
concentrations of palmiiate on the growth of U87MG glioma cells infected with AdACS5. U87MG glioma cells infected with 
AdACS5 or AdlacZ were cultured in DM EM supplemented with 10% FCS for 24 h, and then fed with DM EM supplemented with 
2% FCS and 1% fatty acid free BSA for 24 h. Forty-eight hours after virus infection, cells were then cultured in DMEM containing 
2% FCS, 1% fatty acid free BSA and with or without the indicated concentration of palmiiate for 3 days. Data are presented as 
percentage of MTS value of mock-infected cells. Means ±s.d. of quadruplicate determinations, (c) Fatty acid-induced glioma cell 
growth. U87MG glioma cells were infected with AdACS5 or Adlacz viruses and cultured as described above. Forty-eight hours after 
virus infection, cells were fed DMEM containing 2% FCS and 1% fatty acid free BSA with or without 30 /*m palmitale, and 
cultured for 3-5 davs. Means±s.d. of quadruplicate determinations. *Statistical difference at P<0.05. (d) Specificity of fatly acid- 
mediated growth stimulation of U87MG glioma cells infected with AdACSS or Adlacz. Each fatty acid was added at 30 together 
with 1% fattv acid free BSA in the presence of 2% FCS. After 96 h, cell numbers were obtained from quadruplicate wells. Fatty 
acids: 14:0. myrisiate: 16:0, palmiiate: 18:1. oleate: ) 8 ; 2. linoleate: 20:4. arachidonate. *Statistical difference at P<0.05 



1.2 



0.8- 



0.4 



Patmttate 


Arachidonate 


ACS5 










LacZ Jl 








LacZ 


ACS5 







■1.2 



•0.8 



• 0.4 



Figure 5 Fativ acid uptake by U87MG glioma cells infected with AdACS5 or AdlacZ viruses. Forty-eight hours after virus 
infection, AdACSS and AdlacZ infected cells were assayed for uptake of [ u CJpaJmitate (left panel) and -arachidonaic (right panel) 
as described in Materials and methods. Bars represent s.d. of quadruplicate determinations per time point 



Fatty acid ImJuctd gBom* growth 

Y Yamashita et a/ 



5924 



Materials and methods 

Molecular characterization of the human ACSS gene, 
cDNA and transcripts 

Standard molecular biology techniques were used (Sambrook 
et at.. 1989). DNA sequencing was performed by the dideoxy 
chain-termination method on an Applied Biosystems model 
373A DNA sequencer. For Northern blotting, total RNA 
prepared by the guanidinium thiocyanate/CsCl method was 
fractionated in a 1.5% agarose gel, transferred to a Zeta 
Probe nylon membrane (Bio-Rad, Hercules, CA, USA), and 
hybridized with "P-labeled probes. Quantitative analysis was 
performed with an image analyzer (BAS2000, Fuji Film, 
Tokyo, Japan) and expressed as the intensity of phosphos- 
timulated luminescence. A human ACS5 cDNA (designated 
phACS5) was obtained from a human liver cDNA library 
using the entire region of human rat ACS5 cDNA (Oikawa et 
aL, 1998) as a probe. Bacteria) artificial chromosome (BAQ 
and yeast artificial chromosome (YAC) clones containing the 
human ACS5 genes were obtained by PCR -based screening 
of a BAC library (Genome Systems, St. Louis. MO, USA) 
and human genomic Mega YAC libraries A, B and C from 
the Centre d'Etude du Polymorphisme Humain (CEPH) 
(Cohen et al. % 1993). respectively. A set of human ACS5 
specific primers [5'-CTTTCGGACCCAAATTGACAG-3' (nt. 
2007 2027 of the (-t ) strand) and 5-AAAGAAGAAGG- 
CACAGAGGGT-3' (nt 2392 2412 of the (-) strand)] were 
used for PCR-based screening under the conditions recom- 
mended for Ex Taq™ (Takara Shuzo Corp., Kyoto, Japan). 
Intron sizes were determined by Southern blotting, restriction 
mapping and PCR of the genomic clones. DNA fragments 
carrying exons were identified by restriction mapping and 
Soulhern blotting. After subcloning into pBluescript vectors, 
the sequences of exons. exon/intron boundaries and the 5'- 
flanking region were determined. 

Human gliomas 

Human glioma samples were obtained from 31 palients (21 
men and 10 women) of ages 14-76 years at the time of surgical 
removal at the Department of Neurosurgery (Tohoku 
University School of Medicine). After obtaining written 
informed consent, DNA and RNA analyses were carried out, 
and these analyses were approved by the Institutional Review 
of Tohoku University School of Medicine. Total brain RNAs 
(four different lots) were obtained from Clontech laboratories, 
inc. (Palo Alto, CA. USA) and used as normal controls. 

Antibodies, immxmohistovhemistry ami immunohlotting 

A 15-residue peptide corresponding to amino acid residues 72 
to S6 was synthesized by Nippon Gene Research Labora- 
tories (Sendai, Japan). The amino acid composition and 
sequence were confirmed by the supplier. The peptide was 
coupled to keyhole limpet hemocyamn as described (lijima et 

of.. 1996). and injected into rabbits according to the standard 
protocols (Harlow and Lane. 1988), 

Immunohistochemical analysis of surgical specimens of 
grade IV malignant gliomas was performed on routinely 
processed, formalin-fixed, paraffin-embedded sections using a 
strcpiavidin-biotin complex method. The sections were 
autoctaved for 10 min before overnight incubation with a 



human ACS5 antibody (diluted 1 : 4000). The sections wen] 
washed and incubated with biotinylated secondary antibody' 
(Histofien SAB-PO (M) kit, Nichiei, Tokyo, Japan). Detection 
was performed using 3',3-diaminobenzidine tetra hydrochlor- 
ide (DAB). Sections were counterstained with hematoxylin. 

For immunoblotting, protein samples were separated on 
8% SDS-polyacrylamide gels and transferred to polyvinyl!, 
dine difluoride membrane (Bio-Rad). The membrane was 
blocked by incubation for 4 h with 3% gelatin in phosphate 
buffed saline. The immuno blots were probed with human 
ACS5 antibody (diluted 1 : 2000) and bound antibody was 
detected by horseradish peroxidase-coajugated ami-rabbit 
immunoglobulin G using an Enhance Chemilumihcscencc 
(ECL) Western Blotting Detection Kit (Amersham Pharma- 
cia Biotech. Inc.). 

Generation of a recombinant adenovirus containing human 
A CSS cDS A 

An adenovirus (designated AdACSS) containing the entire 
region of human ACS5 cDNA was generated by multiple 
ligations of restriction fragments using an adenovirus 
expression vector kit (Takara Shuzo). A recombinant 
adenovirus AdlacZ which contains modified chicken 0-actin 
promoter with cytomegalovims-immediate early promoter 
(Miyake et al t 1996) and the 0-galactosidase gene was used 
as a control. AdACSS and AdlacZ viruses were propagated 
in 293 cells, purified by CsCl ultracentrifugation, and stored 
in PBS containing 10% (w/v) glycerol at -80°C according 
to the manufacturer's instructions. 

Cell culture, virus infection, cell proliferation assay and fatty 
acid uptake 

All lines of Glioma cells were maintained in DM EM 
supplemented with 10% FCS. For cell proliferation aml^ 
fatty acid uptake assays U87MG cells were plated in" 
microliter plates. On day 0, cells were plated at t x 10' well 
and grown in DMEM supplemented with 10% FCS i" " 18 h 
and then infected with 5 moi of adenoviruses and further 
incubated for 24 h. On day 2, the medium was replaced hy 
DMEM supplemented with 2% FCS and 1% BSA (fatty acid 
free). On day 3, cells were exposed to fatty acids in DMEM 
supplemented with 2% FCS and 1% BSA and cultured for 
3-5 days for the cell proliferation assay. An MTS cell 
proliferation assay was performed using the CellTiter 96 
Aqueous Non-Radioactive Cell Proliferation Assay (Promega 
Corp., Madison, WI, USA). For the fatty acid uptake <ay. 
U87MG cells were cultured in DMEM supplemented nth 
10% FCS for 48 h after virus infection and washed with 
Dulbecco's complete (containing calcium and magnesium) 
phosphate buffered saline (PBS) and incubated with PBS 
containing 20 /jm BSA (fatty acid free) and 0.25 ;iM 
(l-'CJpalmitate or I [l-*C]arachidonate. After incubation 
at 37 C for 1-10 min. cells were washed extensively at 4 C 
with PBS containing 0.1% BSA, solubilized with 1% SDS 
and counted for [ l4 CJ uptake. 
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A Novel Acyl-CoA Synthetase, ACS5, Expressed in Intestinal 
Epithelial Cells and Proliferating Preadipocytes 1 

Eisaku Oikawa,*- 2 Hiroaki Iijima,* Takeshi Suzuki/ Hironobu Sasano/ Hiroyuki Sato,* 
Akihisa Kamataki,* Hiroshi Nagura, 1 Man-Jong Kang,* Takahiro Fujino,* 
Hiroyuki Suzuki/ and Tokuo T. Yamamoto 0 

' Tohoku University Gene Research Center and 1 Department of Pathology, School of Medicine, Tohoku University, 
Sendai 981-8555 

Received for publication, May 29, 1998 

We report here the identification, characterization, and expression of a novel rat acyl-CoA 
synthetase (ACS) designated as ACS5. ACS5 consists of 683 amino acids and is approxi- 
mately 60% identical to the previously characterized ACS1 and ACS2. ACS5 was overpro- 
duced in Escherichia coli cells and then purified to near homogeneity. The purified enzyme 
utilized a wide range of saturated fatty acids similar to those utilized by ACSl and ACS2, 
but differed in its preference for C16-C18 unsaturated fatty acids* Northern blot analysis 
revealed that ACSS mRN A is present most abundantly in the small intestine, and to a much 
lesser extent in the lung, liver, adrenal gland, adipose tissue, and kidney. In situ 
hybridization of rat ileum revealed abundant accumulation of ACS5 transcripts in foveolar 
epithelial cells. The hepatic level of ACS5 mRNA was significantly increased by refeeding 
a fat-free high sucrose diet and reduced by fasting or refeeding a high cholesterol diet, 
whereas that in the small intestine was not significantly altered by various dietary 
conditions. In contrast to the absence of ACSl mRNA in undifferentiated 3T3-L1 preadipo- 
cytes, ACS5 mRNA was present in proliferating 3T3-L1 preadipocytes and its level 
remained unaltered during differentiation, suggesting that ACS5 may provide the acyl-CoA 
utilized for the synthesis of cellular lipids in proliferating preadipocytes. 

Key words: acyl-CoA synthetase, dietary regulation, intestinal epithelial cell, lipogenesis, 
proliferation. 



The ligation of fatty acids with coenzyme A (CoA) to 
produce acyl-CoA is a key reaction in mammalian fatty acid 
metabolism. This reaction, catalyzed by acyl-CoA syn- 
thetase (ACS, EC 6.2.1.3), is a crucial step in mammalian 
fatty acid metabolism, since mammalian fatty acid syn- 
thase contains a specific thioesterase to produce a free fatty 
acid as the final reaction product (J, 2). Therefore both de 
no synthesized and dietary derived fatty acids cannot be 
metabolized without ACS in mammals. Acyl-CoA, the 
product of ACS, is utilized in various metabolic pathways 
including membrane biogenesis, energy production and fat 
deposition. Consistent with the multiple utilization of acyl* 
CoA, there are several ACSs in mammals. 
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In previous studies, we characterized fouT rat ACSs, 
designated as ACSl-4 (3-7). Although the four enzymes 
exhibit a structural architecture common to ACSs from 
various organisms, they can be classified into two sub- 
families based on their structures and fatty acid prefer- 
ences: one consists of ACSl (3) and ACS2 (4), and the 
other of ACS3 (5) and ACS4 (6). Rat ACSl and ACS2 
share approximately 66% of their amino acids (4), and 
exhibit broad fatty acid specificities (7), but their tissue 
distributions are completely different: ACSl is abundant in 
the liver, heart, and adipose tissue (3), whereas ACS2 is 
predominant in the brain (4) . Between rat ACS3 and ACS4, 
approximately 68% of the amino acids are identical but 
they show poor amino acid identity with ACSl and ACS2 
(6). ACS3 utilizes laurate, myristate, arachidonate, and 
eicosapentaenoate most preferentially (5), whereas ACS4 
prefers a narrow range of fatty acids mcluding arachido- 
nate, and eicosapentaenoate (6). ACS3 mRNA is expressed 
highly in the brain, and to a much leBser extent in the lung, 
adrenal gland, kidney, small intestine, and adipose tissue, 
but is not detected in the heart or liver (5). In contrast, the 
mRNA for ACS4 is expressed in steroidogenic tissues 
including the adrenal gland, ovary, and testis (6). 

Although these ACSs exhibit different tissue distribu- 
tion, none of them is preferentially expressed in the small 
intestine, where dietary lipids are hydrolyzed to free fatty 
acids in the lumen and absorbed by intestinal epithelial 
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cells. The absorbed free fatty acids are then converted to 
acyl-CoA for the synthesis of triacylglycerol and choles- 
terol esters in these cells, which enter the circulation as 
chylomicrons. 

In the course of cDNA cloning of these four ACSs, we 
have isolated a cDNA encoding a fifth ACS. We describe 
here the primary structure, fatty acid preference, tissue 
expression, and regulation of this newly identified ACS, 
designated as ACS5. 

EXPERIMENTAL PROCEDURES 

Molecular Characterization of Rat ACS5 -Standard 
molecular biology techniques were performed as described 
by Sam brook et al. (8). A rat liver cDNA library was 
constructed in the AZapII vector (Stratagene), using poly- 
(A) RNA from rat liver, and screened with a 1.9 kb 2?coRI/ 
£coRV fragment of rat ACS1 cDNA (3) as a probe under 
reduced hybridization conditions. On the screening of 1 x 
10* clones, we obtained four positive clones, and one 
representative clone containing the largest cDNA insert 
(pACS5) was further characterized. The nucleotide se- 
quences of cDNA fragments were determined by the 
dideoxy chain termination method (9) using M13 primers, 
T3 and T7, or specific internal primers. Sequence reactions 
were carried out using Taq DNA polymerase with fluores- 
cently labeled nucleotides and an Applied Biosystems 
model 373A DNA sequencer. 

For Northern blotting, total RNA prepared with acid- 
guanidinium thiocyanate phenol -chloroform (70) was 
denatured with 1 M glyoxal and 50% dimethyl sulfoxide, 
electrophoresed on a 1 .5% agarose gel, and then transferred 
to a nylon membrane (Zeta-Probe membrane; Bio-Rad). 
For normalization as to RNA loading, a 467 bp fragment of 
rat cyclophilin cDNA (11) was generated by reverse tran- 
scription- polymerase chain reaction (12) with nucleotide 
primers, 5'-TCAACCCCACCGTGTTCTTCGACAT-3' and 
5 ' • GGTG ATCTTCTTGCTGGTCTTGCCA- 3' , and used as 
a probe. 

Construction of an ACS5 Expression Plasmid— Over- 
production of ACS5 in Escherichia coli cells was carried out 
using a bacterial expression vector, pTV118N. To connect 
the second codon of the rat ACS5 cDNA (pACS5) adjacent 
to the initiator ATG of pTVl 18N, pACS5 was amplified by 
polymerase chain reaction using primer 1 (5'-CTTTTTAT- 
TTTTAACTTGTT-3') and primer 2 (5'- AATACGACTCA- 
CTATAG-3'). The 2.3 kb PCR product was then digested 
with SomHI, and the resulting 1 .8 kb fragment was insert- 
ed into the Ncol (blunted) /BamHl site of pTV118N. This 
intermediate plasmid was then digested with Fbal and 
Pstl, and ligated with a 2.1 kb Fbal/Pstl fragment of 
pACS5. The resulting expression plasmid (designated as 
pTV-ACS5) contains a lac promoter, an SD sequence and 
the entire coding region of ACS5 cDNA, and was used to 
transform E. coli cells, XLl-Bhie. 

Induction of the ACS Enzyme in E. coli—E. coli cells 
transformed with the ACS5 expression plasmid were 
grown in 1 liter of Terrific broth (1.2% Bacto Tryptone, 
2.4% yeast extract, 0.4% glycerol, 90 mM potassium 
phosphate, pH 7.8) (8) supplemented with ampicillin (100 
j/g/ml) and tetracycline (25//g/ml) at 30*C, and then 
induced by adding isopropyl-/?-D-thio-galactopyranoside 
(IPTG) as described (7). After 12 h induction, the cells 
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were harvested and resuspended in 100 ml of buffer A |50 
mM potassium phosphate, pH 7.4, 1 mM EDTA, 1 mM 
dithiothreitol, and 10% (w/v) glycerol] containing 1 mM 
phenylmethylsulfonyl fluoride. The resuspended cells were 
lysed by sonication and then centrifuged at 10,000 X g for 
20 min at 4*C. The supernatant was taken as the crude 
extract and stored at -80*C until use. 

Assay for ACS Activity — ACS activity was measured by 
either the isotopic method (13) or the spectrophotometry 
method (13): the latter was used only for the purified 
enzyme. Protein concentrations were determined by the 
Lowry method (14) with bovine serum albumin as a 
standard. 

Purification of ACS5—A typical purification is de- 
scribed. All steps were carried out at 4*C. During the 
purification, the enzymes were monitored as to ACS 
activity. 

The crude extract of the E. coli strain carrying pTV- 
ACS5 was further centrifuged at 105,000 Xg for 90 min 
and the resulting precipitate was suspended in 40 ml of 
buffer B [buffer A containing 1% (w/v) Triton X-100] with 
10 strokes of a Dounce homogenizer. The suspension was 
gently stirred for 1 h and then centrifuged at 105,000 Xg 
for 1 h. The resulting supernatant was applied to a DEAE- 
Sephacel (Pharmacia) column (2.5x10 cm) equilibrated 
with buffer B. The column was washed with three column 
volumes of the same buffer, and then eluted with a linoar 
concentration gradient formed from four column volumes 
of buffer C [buffer A containing 0.1% (w/v) Triton X-100 J 
and the same volume of buffer C containing 0.5 M NaCl. 
The pooled active fractions were concentrated with poly- 
ethylene glycol (PEG6000) and then dialyzed against buffer 
C. 

In Situ Hybridization— Ueum specimens were obtained 
from 3-month-old male rats (n=3). The specimens were 
immediately fixed with 4% paraformaldehyde containing 
0.5% glutalaldehyde for 18 b at 4'C and then embedded in 
paraffin wax. In situ hybridization was performed by use of 
a manual capillary action system (MicroProbe staining 
system; Fisher Scientific, Pittsburgh, PA), with modifica- 
tion of the reported methods (25, 16). The sequence of the 
30- base ACS6 oligonucleotide probe used for in situ 
hybridization analysis was as follows: 5'-AGGTAAGACT- 
GGCTGAGGTCTGTTGATCAG-3', corresponding to 90 *o 
120 of ACS5. A sense oligonucleotide probe was used as a 
negative control. The probeB were synthesized with a 3* 
biotinylated tail (Brigati tail) (5'-probe-biotin-biotin-bio- 
tin-TAG-TAG-biotin-biotin-biotin-3') as previously re- 
ported (17). Tissue sections (3/*m, applied to Probe On 
Plus slides; Fisher Scientific) were hybridized with the 
anti-sense or sense oligonucleotide at 45'C for 1 h, washed 
twice with 2xSSC at 45'C (3 min per wash), and then 
incubated with alkaline phosphatase-conjugated strepta- 
vidin. After washing twice in AP Cbromogen buffer TV 
(Research Genetics, Huntsville, AL) at room temperature, 
the hybridization products were visualized using Fast Red 
salt. The slides were counterstained with hematoxylin and 
air dried for light microscopic examination. 

Animal Treatment— Male Wistar strain rats (six/group, 
caged together) weighing 200-300 g were used in the 
experiments. Control rats were fed on the commercial 
stock diet. Fasted rats were deprived of food for 48 h. Refed 
rats were fasted for 48 h followed by free access to a high 
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fat diet (10% soybean oil and 9096 stock diet), a high 
cholesterol diet (2% cholesterol, 0.5% cholic acid, 10% 
soybean oil, and 87.5% stock diet) or a fat-free high sucrose 
diet (69% sucrose, 20% casein, 4% mineral mixture, 2% 
vitamin mixture, and 5% cellulose powder) for 72 h. 

Cell Cu/tore— 3T3-L1 mouse preadipocytes (American 
Type Culture Collection) were maintained in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 
10' . fetal bovine serum, sodium ascorbate (0.2 mM), 
penicillin (50 u/ml), and streptomycin (50//g/ml), with a 
change of the medium every 2-3 days. Differentiation of 
the preadipocytes was induced by shifting the cells, after 
confluence had been attained, to DMEM containing with 
10% fetal bovine serum, 10 //g/ml insulin, 1 //M dex- 
axnethasone, and 0.5 mM methylisobutylxanthine. After 
48 h, the medium was replaced with DMEM supplemented 
vrit^ insulin (5 /ig/ml) and 10% fetal bovine serum. 

RESULTS 

A cDNA encoding a new type of ACS, designated as ACS5, 
was isolated from a rat liver cDNA library using rat ACS 1 
cDNA as a probe. Figure 1A shows the nucleotide and 
deduced amino acids sequences of the cDNA, which has an 
open reading frame of 2,049 bp corresponding of 683 amino 
ar-'s (M, 76,403). The putative initial methionine was 
pi jeded by an in- frame termination codon 81 nucleotides 
upstream. 

ACS5, like other mammalian ACSs, consists of five 
regions: an N- terminal region, lucif erase -like regions 1 and 
2, a linker connecting the two luciferase-like regions, and a 
C- terminal region (Fig. IB). Comparison of the amino acids 
in each of the five regions revealed that ACS5 belongs to the 
subfamily comprising ACS1 and ACS2: approximately 
6f % of the amino acids are identical to those in ACSl and 
AJS2. 

To overproduce ACS5 in E. coli cells, a bacterial expres- 
sion plasmid containing a lac promoter and the entire 
coding region of the ACS5 cDNA was generated. The 
enzyme in the E. coli cells transformed with the expression 
plasmid was induced with isopropyl«/S-D-thio-galacto- 
pyranoside and the resulting enzyme was purified to near 
homogeneity. The purification procedure involved solubil- 
i> ition of the enzyme with Triton X-100 and chromatogra- 
p.iy on DEAE-Sephacel (Table I). The overall purification 
was 39-fold, with a yield of 21.8%. The specific activity of 
the purified ACSS was 5.1 //mol/min/mg when assayed 
with palmitate as a substrate. As shown on SDS- polyacryl- 
amide gel electrophoresis (Fig. 2), the purified enzyme was 
nearly homogenous and had an apparent molecular mass of 



' \BLE I. Summary of the purification of recombinant ACS5. 
( iie liter of a culture of E. coli cells carrying pTV. ACS5 was used to 
prepare the crude extract. Enzyme activity waa measured by the 
isotopic meth od using palmitate as a substrate. 

Total 



Step 



Total Total Specific 
protein activity activity 
(mg) Q/mol/nrin) (// mo)/min/mg) 



Recovery 



Crude extract 2,842 

140,000 Xy pellet 184 

Triton X-100 145 

extract 

JEAE-Sephacel 15.8 
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221 
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80.6 



0.13 

1.2 

1.2 
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GACG**OOCAOCTaAA " JOOTOCTOAACCAACAACATCTAOCYACAAOOoaAOcCACTC -81 



-1 
60 



CTCC ACCCA I ^CTC TOACTgratCACttM^ 

ATOCTTTTTATTTTTAACl I CTtQ Y l KtlU CACTTCCQACCCCOOCCCTqATCTqCCTC 
1 JLJL -j 1 * B 9 J" ' 08X.8T8AX.XCL 

CTOACATTTOOAAC03CTATCTTCCTOTOOCTOATCAACAOACCTCJWCCASTCTTACCT 120 
31 L T ' _? * A«»tWX.X»*»O PVL* 

CTCArrqACITOOACXACCAOTCWTAflOC^TTOAOOOU Wq AQ C ACOaXOAOQCiXTTTC 180 

4lLXOLDB«svgtsaoABaoAr 

c aoaaoaacaatoacc taatcctttattacttc TCAOAOOCC AAQACOTTOTA TOAAQTT 2*0 
61 0. KVHDtXX.YYrSDAXyX.YSV 

nCCAAA OAOOAC TrOCTOYOTCTOACAATOQA JCTTOCTTO O^ 300 
BirQAOLAVlD»a*CLaY»IC»D 

CAQCC C YACAAflTOOA TATC CTACAAOCAOOTO TCTOATC OA OCAB AOTACCTOOOCTCC 160 
101Q»YXVtXYXQVXD AAIVl.OX 

TOTCTTTTOCATAAAOOAtACAAOCCATCOCAOOAcCAATY TATYOOCATCTYTOCTCAA 420 
UlCLLBKDYXDtQDOrXOXrAQ 

AAYAOOCCA^0T<MflTCATCTCCQAOTTA0CCTaTTACACATAYYCCATO9TA0)CT9TC 480 
141 8 X FStfVX8XX,ACYYY8MVAV 

CCCC»TAY«ACACACTOa«AfiCAOAAOCCATCAtCTATOTCATCAACAaAOCTOAtAtC 940 
161 PLY OTLOAK AX XYV X > A A D X 

TCCOToqiQArCTaTOATACACCCCAAAAAOCAACAATWYMTA8AAAATOTOaAAAAO 600 
1816VVXCDYP0KATNLXCDVSX 

OACCTTACCCCAGOCCYOAAaACAflTCAY^TCATX3CUCCCTYYCaAT<lATaACCY<MTa 660 
201 DITpOLXTVII.MDPrDDDLM 

AAAC0AaaAOAaAA9TCT0<}CATT<MaArOTT0TCTCTOCATOATCCTaAaAA7CTAOCC 7X0 
2XlKM0CKC0XKML8LliDA88LO 

AAAAAaAACTTCAAAAAACCAATflCCTCCOAACCCAOAaaA TC TAAO TO TYAYC YOTTTC 780 
341K88tXKffM»p|pisL8VXCr 

ACCAO YOOAAC T AC AO O TOACC C C k AA BO A OCT ATOC TOACCCATCAAAATATCOTTTCA 81 0 
261T80TTOXt»XOAMX,TBQ8XVS 

AACATOOCYOCT7tCCTCAAATTYCTOOAO^CTATCTTCCAO)CCCACCCCOOAOOATaT<] S0O 
IBliHAArLirtKPirOPTPCDV 

ACCATATCCTACCTTCCCTTOOCCCATATOTTTOAGAQOCTTOTCCACCQTCTCATATTT 960 

loiTixyLVLABMrsxivgavx r 

TCCT0TQOAOQCAAAATTOOOTTCTTC€AAOOA8ATATCC9GTTOCTA£CT<IATOACATa 102 0 
321 6C O OK t OP f QOD X RLLPDDH 

AAQOCTTTGAAA£CCACA0TOTTTCCCACAOTOCCYCaACTCCTTAACAOCGTCTATQAT 1060 
MlKALKPTVPPYVpRXl.BAvyo 

AAOaTACAAAATOAAOCCAAOACACCTTTOAAAAAOTTCTTAITQAACTTCOCTATCATC U 4 0 
361KVQ8CAK7VLXKrLX.8X.AX X 

AOCAAATTCAAC OAAC TaAOAAATOQCATCATTCOOCOaAACAOTTTOTOOO ACAAO CTC 12 0 O 
}818XrBIV-XBaxXRKBBLWDKL 

C TC T T TTC AAAOA TCCAAAQCAOCC TOOO TOO QAACOTTC 0 TCTCATOA YCACTGO AOCC 1260 
401Vr8XigB8X.BaRVRLNXTaA 

0CCCCTATCTCCACTCCAOTCTTt3AC0TTCTTCA<3O0CT0CAATCCaATOCr<l<WT0TTT 1120 
421APX8TVVlTPrXAAMaCVVP 

OAAOC TT AC O<^CAAACAaAATOCACAOCTOaaT0TTCCATTACATCACC TOO aa AC TOO 1360 
441 XAYOQYKCYAaCB I Y 8 I* O D If 

ACAOCASOOTCATOTTOaOACTCCOOTOTCCTOCAATTTTQTCAAOCTOOAAOATOTOSCT 1440 
4«lTAOHVOTPV8CBrvxLXDVA 

OACATOAACTACTTTKAOTAAACAACOAAOQCOAOATCTOCATCAAAOOCAACAATCM 1500 
4810MVYP8V8 BK081CXXOB8V 

TTCAAAOOCTACCTAAAGOACC CAaAQAAOACACAOaAAOTAC YOQACAAOOATOOCTGG I960 
SOlPKOYLKDplXYOSVLDXDaff 

CnCACACTOOOQACATCOOTCOCTQOCTTCCAAATOOAACTCTQAAAATCAtTOACCQO 1670 
521L8YOSXOKBLPVBYLXXXDV. 

AAG AAOAA T ATTTTCAAA TTOOC ACAA0OAOAA T ACA TC OC TC CAOAOAAOA TTOAAAA T 1660 
941 X X RXPXLAQOKY XAPKX XX 8 

OTTTA TTCCAOGAOC AQACCAA TATTOCAAOTTTTTO TCCA TO OOOAOAOCT T ACOO TC A 174 0 
5«lVYBX8K8IL0VrVB0B8LA8 

TTCCTOATAOOAOTOOT^TTCCTOACCCAOAOTCACTTCCCTCATTTOCAQCCAAOATC 1800 
SBlVLXOVVVrDPKSLPSrAAKX 

OOOO TAAAOOOA TCC TTTOAAOAACTATOC C AAAACCAO TBTO TAAAB AAAOCCATTTTA I860 
eOiaVKOBrilLCQBQCVXXAX L 

OAAOATT TOCAOAAACTTOO«AAAaAAaaTOOCCTTAAATCCTTTOAOCAaOTCAAOAOC 192 0 
6218l>LO.KV0XXaOLXSrXOVK6 

ATCTTrOTOCATCCOOAOCCSTTCTCAATTOAAAA^OOOCTTCTOACACTOACACTOAAA I960 
641 IVVBPCPP 6 XX KOLLTPTLX 

OCCAAACaAOTaGAOCTTOCCAAOTTCTTCCAOACACAAATCAAaAOCCTCTATGAaAOC 2040 
662 AKXVBLAXrr C7Q X. X8LYX 8 

ATCOAAOAOTAACTTAAOOTTOCTOAOCTOOAAOCOOrOOiWa^ 2100 
611 X X X • 

TCCAQCGAACTTTTCCAOTAAATQAAOCJLhTCACTAAAOGACTOTCCTaAOTTaQaA&CA 2160 
AAACAACOTOOAC^QCTCtlAT9TCAC9CCT9CACTQCA9QC?TCTTCTaT(lATGaAAOC 2220 
TCTOOATCTTTCTCCTTQQACTTCAflrCCCTQCAOTATTTTOCTOCCAOATAaCATOTOO 2280 
TOC CTCTACCTO TAAAYO TCAOATCTTTO AAATAAAC TAT T ACAOC TC OTOCCO 2134 
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Fig. 1 . Structure of rat ACSS cDNA. (A) Nucleotide and deduced 
amino acid sequences of rat ACS5 cDNA. Nucleotide residues are 
numbered on the right and amino acids are numbered on the left. 
Nucleotide 1 is the A of the initiator AUG codon. Negative numbers 
refer to the 5' -untranslated region. Two in -frame translation terrain 
nation codons, at -81 and 2050, are indicated by asterisks. A 
potential polyadenylation signal is underlined. (B) Comparison of the 
amino acids in rat ACSS with those in the other four known rat ACSs. 
The five common regions in rat ACSs are shown in the upper portion: 
N- terminal region (N-term), luciferase-like region 1 (LR1), linker 
region (linker), luciferase-like region 2 (LR2), and C -terminal region 
(C-term). Figures indicate the percentage amino acid identities 
within each region of rat ACS 1-4 compared with ACS6. 
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70 kDa, which is close to the molecular mass calculated 
from the deduced amino acid sequence of the cDNA. 

Figure 3 compares the fatty acid preference of the 
purified recombinant ACS5 with that of ACS1 (7), as 
determined by the spectrophotometry method, using 
various fatty acids. Both the purified enzymes efficiently 
utilize saturated fatty acids with 12-18 carbon atoms and 
unsaturated fatty acids with 16-20 carbon atoms. Among 
these fatty acids, the best substrates are palmitic, pal- 
mitoleic, oleic, linoleic, and linolenic acids for ACS5, and 
palmitic acid for ACS1. 

Northern blotting of RNA from various rat tissues 
revealed hybridization to a major transcript of kblong, 
corresponding to pACS5 (Fig. 4). ACS5 transcripts are 
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Fig. 2. 8DS -poly aery lamide gel electrophoresis of the purified 
recombinant A CS5, 1 , 2, and 4 pg of the purified recombinant A CSS 
were subjected to electrophoresis on an 8% SDS- poly acry lamide gel, 
and then staining with Coomassie Brilliant Blue R-250. Molecular size 
markers are indicated on the left. 
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Fig. 4. Northern blot analysis of ACSfi* mRNA in various rat 
tissues. Total RNA (15 pg) prepared from the indicated rat tissues 
was subjected to electrophoresis on a 1.5% agarose gel, blotted onto a 
nylon membrane, and then hybridized with the "P- labeled 2.4 kb 
EcoBl/Ecotil fragment of pACSS. The filter was washed in 0. 1 a S8C 
containing 0.1% (w/v) SDS at 66*C for 30 min and then exposed to 
Kodak XAR-5 film with an intensifying screen at -80'C for 46 h. 
RNA loading was consistent among the lanes, as judged on ethidium 
bromide staining (data not shown). The autoradiograph shown U 
representative of four independent experiments which gave essen- 
tially identical results. 
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Pig. 3. Fatty acid specificity of the purified recombinant ACS5. 

Enzyme activity was determined by the spectrophotometric method 

with 1 jjg of the purified enzyme and the standard reaction mixture 
(13), except that various saturated and unsaturated fatty acids (final 

concentration, 0.1 raM) were used. Enzyme activity is expressed as a 
percentage of that obtained with palmitate as a substrate (5.1 ^raol/ 
min/mg). The data represent the means ±SD for triplicate determi- 
nations. Saturated fatty acids: 8:0, octanoic acid; 10:0, decanoic acid; 
12:0, lauric acid; 14:0, myristic acid; 16:0, palmitic acid; 18:0, 
stearic acid; 20:0, arachidic acid; 22:0, dooosanoic acid; 24:0, 
tetracosanoic acid. Unsaturated fatty acids: 16:1, palmitoleic acid; 
18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid; 20:4, 
arachidonjc acid. 




Fig. 6. In situ hybridization analysis of ACS5 transcripts in 
the rat ileum. Hybridization signals were visualized in red, as a 
result of the Fast Red salt, in the foveolar epithelial cells but not in the 
interstitial ccIIb (A). The negative control with the sense oligonu- 
cleotide exhibited no accumulation of mRNA hybridization signals 
(B). Nuclei were made visible by countersterining with hematoxylin. 
Magnification: 121 X , A and R 
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Fig. 6. Dietary effects on the hepatic and intes- 
tinal ACS5 mRNA levels. Total hepatic (A) and 
intestinal (8) RNA from rata (n-6) fed the control 
diet (C), fasted (F), and fed high fat (HF), high 
cholesterol (HC), and fat- free high sucrose (H8) diets 
were subjected to Northern blot analysis with rat 
ACS6 cDNA as described in the legend to Fig. 4, 
followed by autoradiography (exposed to XAR-5 film 
for 27 h). Northern blot analysis with a rat cyclo- 
philin (CP) cDNA probe was carried out for normali- 
sation. The radioactivity in each band was quantified 
using a Bio-imaging Analyzer (BAS-2000, Fuji) with 
various exposure times and normalized as to the 
cyclophilin signal. The values in the lower panels are 
the means for six separate experiments ±SD, rela- 
tive to the mRNA level in control rats (set at 100). 
•p<0.01 compared to the control. 
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Fig. 7. Expression of ACS5 transcripts during the differentia* 
tion of 3T3-L1 cells. (A) 3-day postconfluent 3T3-L1 preadipocytes 
were harvested immediately prior to (lane 1), and 1 day (lane 2), 3 
days (lane 3), 5 days (lane 4), and 7 days (lane 5) after differentiation. 
Total RNA (10 ^g) was analysed by Northern blotting with the rat 
ACS5 (ACS6) and rat cyclophilin (CP) probes as described above, 
followed by exposure to Kodak XAR-5 film with an intensifying 
screen at -80'C for 18 h. (B) The same membrane as in (A) was 
hybridized with a 0.96-kb EcoM/EcoRV fragment of rat ACSl cDNA 
(pRACS 1 5) and then exposed to Kodak XAR-5 film with an intensify- 
ing screen at - 80'C for 12 h. The autoradiographs shown in (A) and 
(B) are each representative of four independent experiments that 
gave essentially identical results. 



present most abundantly in the small intestine and to a 
much lesser extent in the lung, liver, adrenal, adipose 
tissue, and kidney in the normal adult rat (Fig. 4). 

To locate cells expressing ACS5 mRNA, in situ hybridi- 
zation was carried out using tissue sections prepared from 
adult rat ileum. Hybridization signals for ACS5 tran- 
scripts, appearing red as a result of the Fast Red reaction, 
were detected in the foveolar epithelial cells, but not in the 
interstitial cells (Fig. 5A). In negative controls for mRNA 
in situ hybridization using the sense oligonucleotide probe, 
no significant accumulation of ACS5 mRNA hybridization 
signals was detected (Fig. 6B). 

A high level of hepatic ACSl mRNA was induced by 
refeeding a high fat diet or a fat- free high sucrose diet after 
48 h fasting (3). To determine the dietary effects on the 
level of ACS5 mRNA, Northern blotting was carried out 
using total RNA from the livers or small intestines of adult 
male rats fed various diets. Whereas the intestinal level of 
ACS5 mRNA was not altered significantly by various 
dietary conditions, that in the liver was significantly 
changed by fasting, or by refeeding a high cholesterol or 
fat-free high sucrose diet (Fig. 6). Fasting and refeeding a 
high cholesterol diet decreased the hepatic level of mRNA 
by 54±17.5 and 39.2±7.8%, respectively. In contrast, 
refeeding a fat- free high sucrose diet increased the hepatic 
level of ACS5 mRNA approximately 2-fold. 

We next determined the level of ACS5 mRNA during the 
differentiation of 3T3-L1 cells. As shown in Fig. 7, ACS5 
transcripts were detected in undifferentiated proliferating 
adipocytes and their level was not altered during differ- 
entiation. In contrast, ACSl transcripts were undetectable 
in undifferentiated proliferating adipocytes and markedly 
induced during differentiation. 

DISCUSSION 

In this study, we characterized a new ACS, designated as 
ACS5, that is abundantly expressed in intestinal epithelial 
cells. Although ACS5 resembles ACSl and ACS2 in struc- 
ture and substrate preference as to saturated fatty acids, 
the tissue distribution and regulation of its mRNA are 
completely different from those of ACSl and ACS2. These 
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differences may reflect the biological roles of these three 
structurally similar ACSs, ACSl, ACS2, and ACS5, 

In addition to the activation of fatty acids to form 
acyl-CoAs, ACS plays a role in the uptake of long-chain 
fatty acids, in cooperation with a fatty acid transporter 
( 18). The abundant expression of ACS5 mRNA in intesti- 
nal epithelial cells suggests that it plays a part in the uptake 
of dietary derived fatty acids into these cells and their 
subsequent utilization. Consistent with this hypothesis, the 
purified recombinant ACS5 utilizes a wide range of saturat- 
ed and unsaturated fatty acids. 

Although the liver is not the major organ that expresses 
ACS5 mRNA, the regulation of the hepatic ACS5 mRNA 
level by various dietary conditions is noteworthy. Like that 
of ACSl mRNA (3), the hepatic level of ACS5 mRNA was 
increased by refeeding a fat free high sucrose diet, but 
unlike that of ACSl mRNA it was not induced by refeeding 
a high fat diet. It is also noteworthy that fasting and 
refeeding a high cholesterol diet significantly decreased the 
hepatic level of ACS5 mRNA. The induction of hepatic 
ACS5 mRNA by refeeding a fat- free high sucrose diet and 
reduction by fasting suggest that the plasma level of insulin 
may play a part in the regulation of the hepatic level of 
ACSS mRNA: some of the lipogenic genes, including the 
acetyl -CoA carboxylase and fatty acid synthase genes, 
exhibit a similar pattern of dietary expression and are 
regulated by insulin (reviewed in Ref6. 19 and 20). In 
addition, the induction of hepatic ACS5 mRNA by refeed- 
ing a fat-free high sucrose diet and the down regulation by 
refeeding a high cholesterol diet suggests transcriptional 
regulation of the mRNA by sterol regulatory element- 
binding proteins (SREBPs) (reviewed in Ref. 21). SREBPs 
are membrane -membrane bound transcription factors that 
mediate the synthesis of cholesterol and its uptake from 
low density lipoprotein in animal cells. In addition to the 
down regulation of genes involved in cholesterol metabo- 
lism, they also regulate the expression of genes encoding 
the enzymes for fatty acid metabolism (22, 23). Transgenic 
mice overproducing a truncated form of SREBP-la exhibit 
massive liver enlargement due to increased synthesis of 
cholesterol and triglycerides (24). Therefore, it will be 
interesting to determine if hepatic transcription of the 
ACSS gene is mediated by SREBPs and induced in trans- 
genic mice overproducing a truncated form of SREBP-la t 
since the metabolic fate of fatty acids is highly dependent 
on the activity of ACS enzymes. 

The most interesting feature of ACSS is the presence of 
its mRNA in proliferating preadipocytes. Although ACSl 
mRNA is detected in a wide range of tissues, including liver 
and fat cells, it is not detected in either proliferating 
preadipocytes (25) or proliferating liver (26). Inhibition of 
ACS by specific inhibitors, triacsins, profoundly reduces 
the synthesis of cellular phospholipids, thereby blocking 
the proliferation of mammalian cells (27). Therefore, 
ACS5 may provide the acyl-CoA required for the synthesis 
of cellular lipids during the proliferation of preadipocytes. 
Further studies are required to determine the exact role of 
ACSS in lipid metabolism. 

We wiBh to thank Dr. Ian G lead all for critical reading of the 
manuscript, and Kyoko Ogamo-Karasawa and Nami Suzuki for their 
secretarial assistance. 
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Impaired Expression of Acyl-CoA-Synthetase 5 
in Epithelial Tumors of the Small Intestine 

NIKOLAUS GASSLER, MD, ARMIN SCHNEIDER, MD, JORGEN KOPITZ PhD, 
MARTINA SCHNOLZER, PhD, NICHOLAS OBERMULLER, MD, 
JURGEN KARTENBECK, PhD, HERWART F. OTTO, MD, 
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Fatty acids are implicated in tumorigenesis, but data are limited 
concerning endogenous fatty acid metabolism of tumor cells in ade- 
nomas and adenocarcinomas of the small intestine. The recently 
doned human acylCoA synthetase 5 <AC55) is predominantly found m 
the small intestine and represents a key enzyme in providing cytosolic 
acyWZoA thioesters. Protein synthesis and mRNA expression of ACS5 
were studied in human intestinal tissues using different methods, 
including a newly established monoclonal antibody- In the healthy 
small intestine, expression of ACS5 was restricted to the villus surface 
epithelium but was not detectable in enterocytes lining crypts. ACS 5 

In contrast to epithelial tumors of the large intes- 
tine, adenomas and adenocarcinomas of the small in- 
testinal mucosa are rare, and this occurs despite the fact 
that approximately 90% of the mucosal surface of the 
gastrointestinal tract is concentrated in the small intes- 
tine. 1 The reasons for this discrepancy may lie in the 
rapid turnover of the small intestinal mucosa, the rela- 
tive absence of bacteria, the alkaline pH, the decreased 
transit time, and the well-developed local immunoglo- 
bulin A (IgA)-mediated immune system. Moreover, the 
nutritional content is much more diluted in the small 
intestine than is the case in the large bowel. 2 Carcino- 
mas of the small and large intestine share morpholog- 
ical characteristics, and they both may arise from ade- 
nomas of the intestinal mucosa. The progression to 
invasive cancer of the intestine is generally termed 
the adenoma-carcinoma sequence and is accompanied by 
a series of genetic, functional, and morphological 
changes. 3 It has been suggesicd that the genetic path- 
way of carcinomas of the small intestine is different in 
detail from that found in colorectal cancer. Moreover, 
it has been hypothesized that the small bowel is more 
resistant to genetic events. 5 With regard to this assump- 
tion, we focused our work on a specific enzyme, the 
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protein and mRNA were progressively diminished in epithelial cells 
of adenomas and adenocarcinomas of the small intestine. In conclu- 
sion* altered expression of ACS5 is probably related to the adenoma- 
carcinoma sequence of small intestinal epithelial tumors due to an 
impaired acyi-CoA thioester synthesis. HUM Pathol 34:1048-1052. © 
2003 Elsevier Inc. All rights reserved. 

Key words: carcinoma, epithelial tumors, fatty acid metabolism, 
small intestine. 

Abbreviations: ACS 5, acyl-CoA-synthetase 5; mAb, monoclonal 
antibody. 

intestinal acyl-CoA-synthetase 5 (ACS5), which is prefer- 
entially expressed in the small intestinal mucosa. The 
ACS5 molecule is a member of a protein family that 
plays a crucial role in fatty acid metabolism, mainly by 
the generation of multifunctional long-chain-fatry-acid- 
CoA esters. 4 However, ACS5 might also be involved in 
the regulation of several biochemical pathways and genes 
by synthesis of long-chain-acyl-CoA thioesters. 

Long chain acyl-CoA thioesters have been re- 
ported to affect a large number of intracellular func- 
tions and biosystems including ion pumps and chan- 
nels, enzymes, lipid biosynthesis, and fatty acid 
degradation. 5 Apart from these basal functions, long 
chain acyl-CoA esters have important functions in the 
regulation of intermediary metabolism and gene ex- 
pression, 0 In Escherichia colt, acyl-CoA esters have been 
characterized to be the regulatory ligands of FadR, a 
global transcription factor regulating the expression of 
genes involved in fatty acid biosynthesis or degradation, 
respectively. 7 In the absence of acyl-CoA esters, FadR 
directly binds to specific DNA sequences. Binding of 
acyl-CoA leads to strong conformational changes 
throughout the FadR protein, resulting in a rearrange- 
ment of the DNA-binding domains, with subsequent 
loss of DNA binding. 8 Evidence has accumulated indi- 
cating that acyl-CoA- binding proteins that affect gene 
transcription also exist in higher organisms. 9 

The aim of this study was to identify and to locate 
the expression and synthesis of the enzyme ACS5 in the 
small intestine of humans. We also wanted to rule out 

whether ACS5 expression differs between the healthy 
small intestinal mucosa and epithelial tumors (adeno- 
mas and adenocarcinomas) of the small intestine. 

MATERIALS AND METHODS 

Patients 

A total of 20 small intestinal samples (10 men, 10 women; 
range, 30 to 87 years) were included in the study, comprising 
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15 adenocarcinomas (9 men, 6 women; mean age, 72 years; 
range, 54 to 87 years) and 5 well-differentiated adenomas (1 
man, 4 women; mean age, 49 years; range, 30 to 74 years). For 
molecular procedures, reference small intestinal tissues were 
used from surgical resections for cancer of the ascending 
colon {1 man, 4 women; mean age, 61 years; range, 33 to 80 
years). Mucosal tissue layers were mechanically dissected, im- 
mediately cooled in liquid nitrogen, and stored at -80°C 
until use. AJI diagnoses were established independently by 
two authors (F A. and NO.) by conventional histological 
criteria on hematoxylin and cosin-stained sections of paraf- 
fin-embedded tissues. The use of human tissues was approved 
by Heidelberg University. 

Generation of the Monoclonal Antibody 
KD7 Against ACS5 

Six booster immunizations of a Sprague Dawley rat (Jan- 
vier, Le Geneste-Sf Isle, France) was performed over 80 days 
using a liquid preparation of unaffected purified human 
small intestinal epithelium including the mature ACS5 pro- 
tein in the presence of complete Freund's adjuvant (Sigma, 
Deisenhofen, Germany). Splenic B cells were subsequently 
fused with P3X63Ag8 lumor cells from RAI.B/c mouse (CRLr 
1597; ATCC, Manassas, VA) to produce hybridomas. Undi- 
luted supernatants of single clones were used for immunoflu- 
orescence screens on tissue sections of human small intestine. 
Hybridomas showing mucosal signals were subcloned twice 
and tested again. The monoclonal antibody (mAb) named 
KD7 was purified by antibody affinity chromatography using a 
HiTrap Protein G HP column according to the manufactur- 
er's instructions (Amersham Pharmacia Biotech, Little Chal- 
foni, England). 

Fast Protein Liquid Chromatography - 

Homogcnatcs of purified reference small intestinal mu- 
cosal tissues solubilized in Laemmli sample buffer were sep- 
arated by 7.5% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SI)S-PAGE). Eluted proteins were concen- 
trated by chloroform-methanol (1/4, v/v) precipitation, ex- 
tracted with 0.1% fri-fluoroacetic acid (TFA), and separated 
by ultracentrifugation (430,000 X g, 4°C, 15 minutes). The 
supernatants were applied to a fast-protein liquid chromatog- 
raphy (FPLC) system that was equipped with a Resource RPC 
column (3 ml.; Amersham Pharmacia Biotech). A gradient of 
the following solvent mixtures was used: solvent A, 0.1% TFA 
in water; solvent B, 0.1% TFA in acetoniuile. The gradient 
eiution program at 20°C consisted of the following: 5 minutes 
of solvent A; a linear gradient from solvent A to A/B (50/50) 
over 15 minutes: 2 minutes with A-B (50/50); a linear gradi- 
ent from A-B (50/50) to A-B (20/80) over 10 minutes; a 
linear gradient from A-B (20/80) to solvent B ( 1 minute); and 
2 minutes with solvent B. FPLC-purified fractions were col- 
lected in 0.5-mL samples and further evaluated by Western 
blot and matrix-assisted laser desorption and ionization 
(MALD1) mass spectrometry (sec MALDI Mass Spectrome- 
try). 

MALD) Mass Spectrometry 

FPLG-purified proteins were separated by SDS-PAGE, 
and the protein band (~~68 kDa) recognized by the mAb KD7 
was excised from the 7.5% PAA gel. MALDI mass spectra were 
recorded in the positive ion reflector mode on a Reflex U 
linie-of-flight instrument (Bruker-Daltonik GmbH. Bremen, 
Germany). Sample preparation for PSD analysis was achieved 



by cocrysiallization of alpha-cyano4-hydroxycinnamic acid 
saturated in 50% acetonitrile-water with ZipTip CI 8 (Milli- 
pore, Bedford, MA). PSD spectra (positive ion reflector 
mode; ion gate width of 40 Da around the ion of interest) 
were generated, acquired in 14 segments by decreasing the 
reflector voltage (100 to 200 individual laser shots per seg- 
ment). Searches were performed against the National Center 
for Biotechnology Information (NCBI) database. 

SDS-PAGE and Western Blot Analysis 

Mucosal samples of the small intestine were homoge- 
nized in TRI reagent (Sigma, Deisenhofen, Germany) using 
the Ultra Turrax equipment (IKA Labortechnik, Staufen, 
Germany) and extracted according to the manufacturer's 
recommendations. The BioRad assay reagent were used for 
protein measurements according to the manufacturer's sug- 
gested protocol (BioRad, Munchen, Germany). The final 
preparation in Laemmli buffer was stored at -2G*C until use. 
Proteins were separated by 1 -dimensional SDS-PAGE (7.5%) 
and transferred to a PVDF Immobilon-P membrane (Milli- 
pore) by semi dry blotting. In addition to mAb KD7, the 
following antibodies were used: mouse anti-rat IgGl, mouse 
anti-rat IgG2a, and mouse anti-rat IgG2b (each, 1:250; all 
antibodies from Serotec, Oxford, UK); horseradish peroxi- 
dase- conjugated anti-mouse or anti-rat antibodies, respec- 
tively (1:10,000; Santa Cruz, Santa Cruz, CA). The enhanced 
chcmiluminescence substrate (Amersham Pharmacia Bio- 
tech) was applied according to the manufacturer's recom- 
mendations. Negative controls included blots in which the 
primary antibody was omitted. 

Reverse Transcription 

Reverse transcription was performed using the Super- 
Script II amplification system for first-strand cDNA synthesis 
according to the manufacturer's suggestions (Invitrogen/Life 
Technologies, Karlsruhe, Germany). Five micrograms of 
DNase-digested total RNA isolated from small intestinal mu- 
cosa was used for oligo (dT) -primed first-strand cDNA syn- 
thesis. Reverse transcription was terminated at 70°C for 15 
minutes, followed by an RNase H digestion (20 minutes at 
37°C). In control experiments, transcription of a commer- 
cially provided control RNA (50 ng) was performed in which 
the enzyme reverse transcriptase was substituted by distilled 
water. 



Cloning and Expression of Human ACS5 
and ACS2 In E. Coll Ml 5 

Human ACS5 (accession no. NMJH62S4) and ACS2 
(accession no. NMJJ2U22) were amplified using a set of 
designed primers: ACSb upper primer, 5'-Pho-ATG CTT TTT 
ATC TTT AAC TTT TTG TTT TCC CCA OS'; ACS5 lower 
primer, 5-ACG AGC TCG GAT CCT AAT CCT GGA TGT 
GCT CAT ACA G~3'; ACS2 upper primer, 5'-Pho- ATG CAA 
GCC CAT GAG CTG TTC G3'; ACS2 lower primer, 5-ACG 
AGC TCG GAT CCT AAA CCT TGA TAG TGG AAT AGA 
GOT C-3' and Vent DNA Polymerase (NEB. Frankfurt/ Main, 
Germany) according to the manufacturer's suggestion. The 
PCR products were digested with BamHl and then ligated into 
a dephosphorylated Sttd-BamHl digest of pQE-30Xa (Qja- 
gen, Hilden, Germany) and afterward transformed into E. coli 
Ml 5 (Qiagen). Expression of ACS5 was induced by applica- 
tion of IPTG (Sigma). 
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DNA Sequencing 

Sequencing of full-length cDNA clones (6xHts-tagged 
construct) was performed using 300 ng of plasmid DNA and 
lO pmol of appropriate primers (pQE forward and reverse 
vector primers and internal sequencing primers). All reac- 
tions were run on an ABI 3700 capillary sequencer according 
to the manufacturer's recommendations (ABI, Weiterstadt, 
Germany) . 

mRNA In Situ Hybridization 

A 970-bp PCR product covering exon 21 and an untrans- 
lated region of human ACS5 were amplified using the prim- 
ers 5'-CAA CAT TGA AAC CAA AGO GA-3' and 5-AAT AAG 
CCT GTT GTG TGG GG3\ The amplicon was cloned into 
the PCR-bluntH-topo vector using Topo TA cloning (Invitro- 
gen/Life Technologies), and the orientation of inserts was 
determined by end sequencing. Plasmids were restricted with 
BamHl and then transcribed with T7 RNA polymerase 
(Roche, Mannheim, Germany). Deparaffmized tissue sections 
were treated with proteinase K (Roche; 10 /xg/mL; 30 min at 
3TC) and acetylated. The transcripts were shortened by al- 
kaline hydrolysis. Hybridization with a probe concentration of 
4 ng/p-L hybridization mixture was carried out overnight at a 
temperature of 46°C Controls included tissue sections in 
which the antisense probe or the anti-digoxigenin antibody 
were replaced by the sense probe or PBS, respectively. 

Immunohlstochemistry 

For immunohistochemistry on paraffin-embedded tis- 
sues, the ABC detection kit with DAB as the chromogen was 
used in accordance to the manufacturer's suggested proto- 
cols (DAKO, Glostrup, Denmark). Negative controls included 
sections in which the appropriate reference serum was used. 

RESULTS 

ACS5 Is Recognized by the mAb KD7 

The protein recognized by the niAb KD7 was char- 
acterized as follows. At first, FPLOpurified small intes- 
tinal mucosal proteins were analyzed by Western blot 
procedure, by which a single band with a molecular 
mass about 68 kDa was detected (Fig 1A, column I). 
This single protein band was isolated and further iden- 
tified as human ACS5 by the MALD1 technique (NCBI 
database no. AB033920). Second, the mAb KD7 recog- 
nized the recombinant human ACSr> protein as a single 
band in Western blot analysis (Fig 1A, column II), but 
not the recombinant human ACS2 protein. Among the 
ACSs, ACS2 with about 60% homology at the amino 
acid level shares the highest similarity with ACS5. The 
mAb KD7 was further characterized as lgG2b by iso- 
type-sperific mapping (Fig 1A, column III). 

Expression of ACSS in Reference Human 
Small Intestine 

In the reference small intestine, AGS5 protein and 
mRNA were exclusively located to the villus epithelium, 
whereas they were absent from crypts (Fig IB and C). 
At the villus, a continuous cytoplasmic staining of the 
epithelium was observed, including enterocytes, goblet 



cells, and endocrine cells. In the large intestine, only 
cells of the apical surface epithelium displayed a weak 
immunostaining of ACS5. As with the small intestine, 
immunosignaling was not found in the crypt epithe- 
lium (data not shown). 

Expression and Synthesis of ACS5 Is 
Impaired In Small Intestinal Adenomas 

The immunohistochemical studies revealed a loss 
of ACS5 protein in adenomas of the small intestine (n 
= 5). Reference enterocytes in the vicinity of adenomas 
displayed a strong expression of ACS5. The immuno- 
histochemical data were corroborated by the mRNA in 
situ hybridization experiments (Fig ID through F). 

Expression and Synthesis of ACS5 Is 
Impaired in Small Intestinal 
Adenocarcinomas 

In all adenocarcinomas analyzed (n = 15), ACSS 
protein and mRNA were not detectable in the majority 
of tumor cells. Occasionally, clusters of tumor cells 
displayed a weak immunostaining against ACS5 and 
very small amounts of ASC5 mRNA were found (Fig 1 G 
through I). These cells were located within the adeno- 
carcinomas and showed morphological criteria of ma- 
lignancy including cellular and nuclear pleomorphy. 
Interestingly, ACS5 was never seen in mitotic tumor 
cells. The strong ACSS expression found in morpho- 
logical reference enterocytes at the periphery of ade- 
nocarcinomas served as an internal control. 

DISCUSSION 

The systematic analyses of the hybridoma library 
led to the identification of a highly abundant protein of 
the small intestinal mucosa, the recently cloned ACS5. 4 
Here we show that ACSS shows an expression gradient 
with weak expression levels in the crypts of Lieberkuhn 
but strong expression in the villus lining epithelium, 
which is in good agreement with data obtained for the 
rat homologue of ACSS. 10 This concordance, as well as 
the inability of mAb KD7 to detect the ACS isoform 
ACS2, strongly argues for the specificity of the mono- 
clonal antibody. Experimental evidence from Western 
blot analyses and real-time PCR (LightCycler, Roche, 
Mannheim, Germany) is given that ACSS protein and 
mRNA are preferentially found in the small, but not in 
the large intestine (data not shown). 

ACS5s catalyze the synthesis of acyl-CoA, which is 
die initial step required for oxidation, elongation, and 
desaturation of fatty acids; for the synthesis of complex 
lipids and acylated proteins; as well as for a variety of 
signals that regulate cellular metabolism and gene ex- 
pression. It has been recognized that fatty acids have a 
significant effect on mRNA abundance of genes encod- 
ing proteins involved in fatty acid metabolism. 6,8,1 1 
Fatty acids suppress fatty acid synthetic enzymes, includ- 
ing acetyl-CoA carboxylase and ATP-citrate lyase, 
whereas they increase expression of genes involved in 
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FIGURE l . Characterization of the monoclonal antibody against acyl-CoA-synthelose 5 (ACS6; A to C) as well as serial sections 
of paraffin-embedded tissues of a tubular adenoma CD through F) and an adenocarcinoma (G through I) of the small Intestine 
after DAB Immunostaining (D and G) or mRNA In situ hybridization (E, F. H. and 0 of acyl-CoA-synthetase 5, respectively. (A) Column 
I. FPLC-purifled ACS6 as well os (column IQ the recombinant human ACS5 are recognized by the monoclonal antibody KD7; 
(column III) The mAb KD7 Is characterized as lgG2b by Isotype-speclflc mapping. (B) In reference small Intestine, strong DAB 
immunostalnlng of ACS5 is found in enterocytes at villi but not In crypts. (C) Similarly processed section as that shown in (B) In which 

the monoclonal antibody KD7 had been totally omitted and replaced by the appropriate Immunoglobulin fraction (negative 

control). (D) Tubular adenoma of the small intestine. The Immunostaining of ACS5 is highly diminished In tumor cells, whereas ACS6 

expression is preserved in reference enterocytes (arrows). (E) Serial section of (D) after mRNA In situ hybrid ballon against ACS5 with 

an Identical distribution of the ACS5 mRNA as shown for the ACS5 protein. (F) Serial tissue section from (E) and (D) after mRNA in 
situ hybridization using dlgoxlgenin-labeied sense rtboprobes to ACS6 (control). (G) Adenocarcinoma of the small Intestine after 
DAB immunostaining against the ACS5. In the majority of tumor cells, the immunostalnlng of ACS5 protein is very weak. ACS5 
expression Is preserved in reference enterocytes (arrows). (H) Serial section of (G) after mRNA In situ hybridization against ACS5. The 
distribution of the ACS5 mRNA Is identical to that shown for the ACS6 protein. (I) Serial tissue section from (G) and (H) after mRNA 
in situ hybridization using sense riboprobes to ACS6 (control). Original magnification; B and C, ~x20; D through I, -x 40. 
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peroxisomal biogenesis and 0-oxidation. However, it 
has been suggested that the regulatory effect of acyi- 
CoA esters is not restricted to bacteria and yeast. 6 * 1 *' 15 

The concentration of acyl-CoA esters in the cell 
cytosol is controlled by several factors including long- 
chain fatty acid synthesis and consumption, the concen- 
tration of acyl-CoA and fatty acid-binding protein, as 
well as acyl-CoA hydrolase and sterol carrier protein 2 
activity. 11 Acyl-CoA thioester can also be expected to 
bind to further proteins in the cytoplasm, including the 
high-affinity binding site on acyl-CoA synthetases and 
other acyl-CoA- utilizing enzymes. Taking all of the 
above considerations into account, the intracellular 
free acyl-CoA concentration will be in the range of 0.1 
to 200 nmol/L. 511 When looking at the high binding 
capacity for intracellular long-chain fatty acids, large 
fluctuations of these molecules are not be expected 
under reference physiological conditions. In contrast, 
impaired fatty acid metabolism has been recorded in 
tumor cells, and experimental data point to a relation- 
ship between abnormal fatty acid synthesis and an ag- 
gressive tumor phenotype. 

Our data give clear evidence that expression and 
synthesis of ACS5 is reduced in adenomas and adeno- 
carcinomas of the small intestine when compared with 
the reference small intestinal mucosa. Therefore we 
speculate that the synthesis of acyl-CoA and conse- 
quently the intracytoplasmic level of acyl-CoA might be 
impaired in tumor cells, which is in accordance with 
data previously published. 14 The reduced expression of 
ACS5 mRNA and protein observed in tumor cells of the 
small intestine should be discussed as one mechanism 
for impaired acyl-CoA synthesis that could influence 
gene expression related to tumorigenesis. It has been 
suggested that tumor cells use lipid mediators that may 
act as autocrine or paracrine factors, ultimately affect- 
ing the tumor behavior. 14 Thus, the possibility should 
be taken into consideration that the reduction of ACS5 
expression in adenomas may precede progress in car- 
cinogenesis. Within this scenario, it could also repre- 
sent one of the possible initial steps in tumorigenesis, 
for example, by creating a local environment that tem- 
porarily lacks acyl-CoA thioesters. To test this hypothe- 
sis and to rule out the possibility that modulation of 
ACS5 may be an incidental epiphenomenon, further 
functional studies are required. 

Our study does not rule out the possibility that 
other acyl-CoA-synthetase isoforms than isoform 5 are 
expressed and synthesized by the neoplastic epithelial 
cells of adenomas and adenocarcinomas of the small 
intestine. This possibility does appear to be of in teres L, 
because certain tumors have an apparently obligator)' 
requirement for endogenous fatty acid biosynthesis. 
Moreover, the expression of ACS5 could be suppressed 
by high cytosolic levels of acyl-CoA esters of other ori- 
gin, in our study, ACS5 protein and mRNA was exclu- 
sively investigated by in situ experiments on tissue sec- 
tions of paraffin-embedded epithelial tumors of the 
small intestine. True quantification of ACS5 and other 
acyl-CoA-synthetase isoforms is not given by these meth- 
ods, and in situ data have to be substantiated by other 



techniques, like Western blot analysis, enzyme-linked 
immunosorbent assay, or quantitative reverse-transcrip- 
tion-polym erase chain reaction. Unfortunately, the ap- 
plication of all of these methods was limited, because 
only paraffin-embedded, formalin-fixed tissues were 
available for our investigations. 

In conclusion, our data relate the enzyme ACS5 to 
the adenoma-carcinoma sequence of small intestinal 
epithelial tumors. The decrease of ACS5 protein and 
mRNA in tumor cells are probably related to an im- 
paired acyl-CoA thioester synthesis that could be of 
relevance concerning tumorigenesis in the small intes- 
tine. To test this hypothesis, further functional studies 
are necessary. 
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